A rapid and sensitive flow method, based on the combination of on-line solvent extraction with reversed micellar mediated chemiluminescence (CL) detection using rhodamine B (RB), was developed for the determination of antimony(III) and antimony(V) in aqueous samples. The on-line extraction procedure involved ion-pair formation of the antimony(V) chloro-complex anion with the protonated RBH + ion and its extraction from an aqueous hydrochloric acid solution into toluene, followed by phase separation using a microporous membrane. When in a flow cell of a detector, the ion-pair in the extract driven was mixed with the reversed micellar solution of cetyltrimethylammonium chloride in 1-hexanol-cyclohexane/water (0.60 mol dm -3 H2SO4) containing cerium(IV), its uptake by the reversed micelles and the subsequent CL oxidation of RB with Ce(IV) occurred easily, then the produced CL signal was measured. Using the proposed flow method under the optimized experimental conditions, a detection limit (DL) of 0.35 μmol dm -3 and a linear calibration graph with a dynamic range from DL to 16 μmol dm -3 were obtained for Sb(V) with a precision of 1.4% relative standard deviation (n = 5) at the Sb(V) concentration of 8.2 μmol dm -3 . The present method was successfully applied to the determination of Sb(V) in water samples and to the differential determination of Sb(III) and Sb(V) in copper electrolyte industrial samples, where total antimony Sb(III) + Sb(V) was determined after oxidation of Sb(III) to Sb(V) with Ce(IV) and Sb(III) was calculated by difference, for which the DL was almost the same as that for Sb(V).
Introduction
Antimony has extensive applications in pharmaceutical products, alloys, flame retardants, ceramics, semiconductors, and dyestuffs. 1 On the other hand, this metalloid is one of the toxic and potentially hazardous elements with unknown biological functions and has been listed as a priority pollutant by the US Environmental Protection Agency and the German Research Community. 2 The physicochemical and toxic properties of antimony strongly depend on its binding and oxidation state rather than total concentration. Antimony mainly occurs in two oxidation states as Sb(III) and Sb(V) in the environment; the toxicity of Sb(III) is 10 times greater than that of Sb(V). 3 For the speciation of Sb(III) and Sb(V), various separation techniques such as cloud point extraction, 1, 3, 4 liquid-liquid extraction, 5 column separation, 6 and solid phase extraction 7 have been employed. The most often-used instrumental techniques for the determination of antimony following the separation are electrothermal and graphite furnace atomic absorption spectrometries, 1, 5, 6 inductively coupled plasma optical emission spectrometry, 8 inductively coupled plasma mass spectrometry, 7 and electrothermal vaporization inductively coupled plasma atomic emission spectrometry. 3, 4 Although they have good sensitivity, these instruments are complicated, must be operated by highly technically trained personnel and are expensive. Also these procedures are mostly tedious and time-consuming.
Trace analysis involving a chemiluminescence (CL)-based detection has received considerable attention in several fields of analytical chemistry. [9] [10] [11] [12] [13] [14] The main advantages associated with the CL detection system are simplicity of the procedure and inexpensive instrumentation in addition to high sensitivity and a wide dynamic range. Moreover, the advantages of flow injection (FI) methods are incorporated into the CL method to provide automated, rapid, and reproducible analyses. Thus FI-CL procedures are recommended for rapid on-site quantification of Sb(III) and Sb(V), for which there is a need from an environmental point of view. However, the lack of selectivity is the major problem associated with the CL method. When combined with the CL detection used for practical analysis, an effective means to improve selectivity is provided by techniques of separation such as chromatography, column separation, liquid-liquid extraction, gas generation, and membrane separation. [15] [16] [17] [18] In earlier work, [19] [20] [21] [22] [23] the reversed micellar mediated CL (RMM-CL) generation from the luminol reaction allowed us to develop hybrid analytical methods based on coupling of liquid-liquid extraction with the CL detection system, into which reversed micelles are incorporated, acting as a micro-reactor. By dispersing a small amount of water in the bulk apolar organic medium containing surfactant molecules, a macroscopically homogeneous solution of reverse micelles is produced. The structure of reverse micelles is such that a water droplet is surrounded by surfactant polar heads, while the surfactant hydrophobic chains are directed into the bulk organic phase; a unique and versatile reaction field is provided by the inner water droplet. 24 In our previous study on the differential determination of Sb(III) and Sb(V), RB was used not only as an extracting reagent but also as a CL reagent in a hybrid analytical method based on the combination of off-line liquid-liquid extraction with a RMM-CL detection system. 25 Sb(V) was transferred as the [SbCl6]ion from aqueous solutions into toluene in the extraction process involving ion-pair formation of the chloro-complex anion with the RBH + ion. When the Ce(IV) oxidant in the acidic water pools of the reversed micelles of cetyltrimethylammonium chloride (CTAC) in 1-hexanolcyclohexane was mixed with the RB solution in toluene using an FI system, CL emission resulted from the oxidation of RB with Ce(IV) following its uptake by the micelles into the water pools 25, 26 and the CL intensity was stronger than that in the usual aqueous solution. 26, 27 As RB is extracted one-on-one with the Sb(V) chloro-anion, the CL intensity is proportional to the amount of RB extracted. 25 Since the off-line extraction process is manually operated and is open, the off-line procedure is relatively tedious, slow, and susceptible to contamination from laboratory wares and the environment. Also, there are plentiful chances for the relatively volatile organic solvent to evaporate before analysis, causing experimental errors and health hazard problems. Additionally, large amounts of sample and reagent are needed, which is uneconomical and in the long run, may not be good for the environment. In general, the off-line extraction procedure is not efficient. On the other hand, on-line continuous extraction methodology is straightforward.
The on-line extraction procedure has several advantages of less human exposure to toxic solvents, speed, reliability, and minimum risk of contamination, over the manual off-line extraction procedure. Other features are convenience of on-line operation, no loss of the solvent due to evaporation, and low sample and reagent consumption. Furthermore, the advantages of FIA were incorporated into the on-line method to provide automated, rapid, and reproducible analyses. Therefore, on-line extraction combined with an FIA system will definitely have a great impact on the analytical measurements. 19 It was desirable to extend our previous work of the Sb(III)/Sb(V) determination based on the RMM-CL detection to the on-line procedure using an FIA system.
The proposed method was found to be potentially useful for the on-line differential and selective CL determination of Sb(III) and Sb(V), where quantitative oxidation of Sb(III) to Sb(V) using Ce(IV) oxidant was added and membrane-based solvent extraction of Sb(V) were simultaneously carried out prior to CL analysis using a membrane phase separator, the on-line separated extracts are successively introduce into a reaction flow cell situated in a CL detector. In the cell, the extract containing the analyte as an ion-pair, RBH + [SbCl6] -, is mixed with the reversed micellar reagent solution pumped via the other tubing, and the CL signal produced from the oxidation of RBH + is recorded. In this paper, the ability of an on-line extraction technique was exploited and, on combining with the RMM-CL detection system, a new method was developed. Optimum experimental and instrumental operating conditions were reached and the validation of the proposed method was confirmed by applying it to the determination of Sb(V) and/or total antimony in water samples and in industrial samples of copper electrolyte.
Experimental

Chemicals and reagents
Cyclohexane, 1-hexanol, toluene and sulfuric acid were obtained from Kanto Chemical Co., Inc. (Tokyo, Japan). Rhodamine B, ceric sulfate tetrahydrate, hydroxylamine hydrochloride and hydrochloric acid were purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan). The surfactant CTAC and potassium pyroantimonate were obtained from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan) and Katayama Chemical Industries (Osaka, Japan), respectively. All other reagents used were of analytical reagent grade. All chemicals were used as received. All aqueous solutions were prepared with deionized water purified with a Millipore Milli-Q system (Merck Millipore, Milli-Q integral 3). A commercially available 1000 mg dm -3 standard of Sb(III) (Merck, Darmstadt, Germany) in 2.0 mol dm -3 HCl was used as a stock standard solution. A 1000 mg dm -3 Sb(V) stock standard solution was prepared by dissolving potassium pyroantimonate in conc. HCl. Both the standard solutions were also used for preparation of mixed sample solutions containing Sb(III) and Sb(V) in 6.0 mol dm -3 HCl. A 5.0 mmol dm -3 RB stock solution was prepared in water. An oxidant solution of 0.10 mol dm -3 Ce(IV) was made by dissolving ceric sulfate tetrahydrate in 0.60 mol dm -3 sulfuric acid. Also, a 1.0 mol dm -3 hydroxylamine hydrochloride solution used as a reductant was prepared in 3.0 mol dm -3 HCl. All glassware was soaked in 20% nitric acid and thoroughly cleaned before use. The industrial sample of copper electrolyte solution containing 1 mol dm -3 Cu(II) in 1 mol dm -3 sulfuric acid was procured from the copper manufacturing company, JX Nippon Mining & Metals Corporation (Hitachi, Japan).
Apparatus
The multi-component instrument as shown in Fig. 1 , used for the reverse FI system of on-line continuous extraction, membrane phase separation and CL detection, was the same as that reported in our previous studies. 22, 23 The flow system comprised a Hitachi (Tokyo) Model K-1000 FI analyzer equipped with a 16-port rotary programmed automatic injection valve, a Tosoh (Tokyo, Japan) Model CCPD dual pump, a Nippon Dionex (Osaka, Japan) isocratic pump, and a Niti-on (Funahashi, Japan) Model LF-800 photometer with a spiral flow cell (70 mm 3 ). The extraction coil (0.5 mm i.d., 4.0 m length) and the homemade phase separator with a Teflon membrane (60 μm thickness, 0.22 μm porosity) were also the same as reported earlier. 22, 23 PTFE tubing of 0.5 mm i.d. was used throughout the flow system. The CL signals were recorded with a Shimadzu (Kyoto) Model C-R6A computer-controlled recorder.
Analytical procedure
The reversed micellar reagent solution of Ce(IV) was prepared as before 25 by dispersing the above-mentioned Ce(IV) solution in a 1-hexanol-cyclohexane (the mol fraction of 1-hexanol = 0.10) mixture containing 0.11 mol dm -3 CTAC. The Ce(IV) concentration in the reversed micellar solution, calculated on a final volume total solution basis, was 1.0 mmol dm -3 . For the preparation of the reversed micellar solution, a water-tosurfactant molar ratio ([H2O]/[CTAC]) of 5.0 was used. The stock solution (0.25 cm 3 ) of 5.0 mmol dm -3 RB used as an extraction reagent was added before use to an aqueous sample solution (25 cm 3 ) of Sb(V) in 3.0 mol dm -3 HCl. An aqueous solution of 8.2 μmol dm -3 Sb(V) was used to optimize all of the analytical conditions. The optimum expermintal conditions used for the FI-CL determination in this work are given in Table 1 .
The Sb(V) aqueous solution containing 50 μmol dm -3 RB was pumped at a flow rate of 1.0 cm 3 min -1 and mixed with the stream of toluene driven at a flow rate of 1.0 cm 3 min -1 using a T-joint. Then the aqueous-organic-phase mixture was passed through the extraction coil, where the Sb(V) chloro-complex anion is transferred into toluene as an ion-pair. At the phase separator, the Teflon membrane was not permeable to water, while toluene was separated and sent onward to one of the inlets of the detector. The reversed micellar reagent solution was inserted into the carrier stream of toluene using an automated rotary injection valve after suction with a peristaltic pump into a loop of 100 mm 3 . The flow rate of the carrier stream was 1.5 cm 3 min -1 . When the reversed micellar reagent was mixed with the extract stream in the flow cell mounted in front of a photomultiplier tube of the photometer, a CL signal was produced and recorded. An analytical CL signal was taken as the difference in the observed peak heights for the analyte and the blank.
In the differential determination of Sb(III)/Sb(V), the analytical procedure for the mixed sample solution of Sb(III) and Sb(V) was conducted in the same manner as mentioned the previous paper. 25 For the determination of total antimony Sb(III) + Sb(V) in the mixed sample, the 0.10 mol dm -3 Ce(IV) solution was used to convert Sb(III) to Sb(V) before the FI-CL procedure; after the oxidation, the 1.0 mol dm -3 hydroxylamine solution was added to the resultant solution for reduction of excess Ce(IV). For the determination of Sb(V) alone in the mixed sample, on the other hand, this procedure was carried out without the addition of Ce(IV). The Sb(III) content in the mixed sample was calculated by the difference in the observed CL signals for the total antimony and Sb(V) alone.
Results and Discussion
Optimization studies
Although the method, based on the combination of solvent extraction with RMM-CL detection, has been already established for antimony determination using a batch (or off-line) extraction procedure, 25 a series of experiments performed to establish the optimum analytical conditions were needed again to develop the present on-line procedure. Toluene is suitable for the extraction of the ion pair RBH + [SbCl6] -, while it is not suitable for the stability of CTAC reverse micelles. In our previous work on the application of the ion-pair formation between the protonated RBH + and [SbCl6]ions to the liquid-liquid extraction using an off-line procedure, 25 it has been demonstrated that the compatibility of the extractant and reversed micellar bulk solvent was not required to obtain sharp and reproducible CL signals. In this work, toluene was selected again as the extractant in the on-line extraction procedure. The stream of the Sb(V) aqueous sample containing the protonated RBH + ion was mixed with the stream of toluene, driven both at an optimum flow rate of 1.0 mL min -1 . The aqueous-organic phase mixture was passed through the extraction coil; the RBH + [SbCl6]ion-pair is successfully transferred into toluene. It was confirmed that approximately 95% of the toluene phase was separated from the aqueous phase using a microporous Teflon membrane. The CL intensity increased with increasing length of the Teflon tube used for the extraction coil and a maximum was attained at around 2 m. Beyond this length a stable plateau was observed. The length of 4.0 m was required to obtain reproducible CL signals ( Table 1) .
Dependence of the ion-pair extractability on the HCl concentration in aqueous sample solutions is of major importance in the present on-line procedure. Figure 2 shows a variation of the CL intensity with the concentration of HCl. With an increase in the HCl concentration, the CL intensity increased and a maximum was attained at around 3.0 mol dm -3 , beyond which the CL intensity was lowered. A similar trend in the effect of the HCl concentration on the absorbance of RBH + [SbCl6]extracted into toluene was observed in the off-line extraction procedure, 25 indicating dependence of the ion-pair extractability on the HCl concentration. An increase in the amount of RBH + [SbCl6]in the aqueous sample solution occurs with increasing the HCl concentration. At higher HCl concentrations, however, the fraction of the ion-pair decreases probably due to an increase in the fractions of RBH2 2+ ([SbCl6] -)2 and RBH2 2+ Cl -[SbCl6]generated, as reported earlier. 25, 28 This leads to a decrease in the fraction of antimony extracted with increasing acidity. A 3.0 mol dm -3 HCl concentration was thus chosen to be optimal, like before. 25 In addition, absorption measurements confirmed that at the optimum HCl concentration, the extractability of RB using the present on-line procedure was almost the same as that reported using the off-line extraction procedure. 25 As given in Table 1 , the other experimental parameters optimized for the RMM-CL detection system in the on-line procedure were also close to those reported earlier for the off-line procedure, 25 except that a carrier flow rate of 1.5 mL min -1 was used for the reversed micellar reagent line.
Analytical performance
Although the blank signal was negligibly small, an analytical CL signal was taken as the difference in the observed peak heights for the analyte and the blank. Under the optimized experimental conditions, the detection limit (DL) of 0.35 μmol dm -3 Sb(V) was obtained, where the DL is given as the concentration for which the analytical signal is three times higher than the noise level of the baseline. The present DL is superior to that (29 μmol dm -3 ) reported for a flow method using absorption photometric detection following the ion-pair extraction. 29 The calibration graph obtained was linear with a dynamic range from DL to 16 μmol dm -3 Sb(V). The relative standard deviation at the Sb(V) concentration of 8.2 μmol dm -3 was 1.4% (n = 5). The results of the analytical performance of the present on-line procedure are close to those obtained with the off-line procedure in our previous work. 25 This proposed method is easier and more rapid compared with the off-line procedure, that is, the tedious batch method. Figure 3 illustrates a CL intensity-time profile obtained by performing the procedure mentioned in the experimental section for oxidation of Sb(III) with Ce(IV) in mixed solutions of Sb(III) and Sb(V) prior to the on-line extraction. When the concentration of Sb(III) alone was changed at a fixed content (2.5 μmol dm -3 ) of Sb(V) in the mixed solution, a calibration graph for the total antimony, Sb(III) + Sb(V), measured as the peak height, was linear, while without use of the oxidant, constant CL signals for Sb(V) alone were produced. The difference in the observed peak heights for the total antimony and Sb(V) alone was thus considered to be the signal of Sb(III), which increased linearly with an increase in the concentration of Sb(III) in the mixed sample solutions. The DL calculated by the difference for Sb(III) was almost the same as the above DL obtained for Sb(V).
Differential determination of Sb(III)/Sb(V)
Interference effects
By using the off-line extraction procedure in the earlier work, negligible or almost no interference with the RMM-CL detection of Sb(V) was observed from some common metals, such as aluminum(III), chromium(III), iron(III), cobalt(II), nickel(II), cupper(II), zinc(II), gallium(II), arsenic(III), silver(I), tin(II), mercury(II), lead(II) and bismuth(III) when present in 100-fold weight excess over Sb(V) and it has been thus ensured that the selective separation of Sb(V) from these metals was possible. Nevertheless, gold(III) interfered remarkably even when the Au(III)-to-Sb(V) weight ratio was 10 since extractability of the RBH + [AuCl4]ion-pair formed in HCl solution (3.0 mol dm -3 ) is very high. Such metal species were examined again to evaluate interference for the present on-line extraction procedure, where the individual metal species were added to the 8.2 μmol dm -3 Sb(V) solution used for the optimization studies. The results showed that when the metal-to-Sb(V) weight ratios were 10 and 100, the metal species tested, other than Au(III), caused no interference (Table 2 ). This indicates effective separation of Sb(V) from the metal species by the present on-line extraction; an increase in the CL intensity for Sb(V) was produced by Table 1 . Au(III), like before. 25 In concentrated solutions of HCl, the Au(III) may be present in the form of neutral chloroauric acid H[AuCl4] 30 and thus negligibly extractable. In fact, Au(III) present at a weight ratio of 10 was successfully masked with 6.0 mol dm -3 HCl, although the CL signal for Sb(V) decreased down to approximately 50% as shown in Fig. 2 . On the other hand, such common anions as chloride, bromide, iodide, and sulfate were negligibly extracted from their acidic aqueous solutions with RB. For the determination of Sb(V) using the proposed on-line extraction system, therefore, significant interference from those anions was not observed even at an anion-to-Sb(V) weight ratio of 100.
Applications
Water sample analysis. Since there is no interference from major constituents of water samples, the on-line extraction/ RMM-CL detection method developed in this work is especially suitable for water analysis by simple standard calibration. To evaluate the analytical applicability of this method, it was applied to the determination of Sb(V) in some real water samples including river water (certified reference material, NMIJ CRM 7202-b) and pond water (taken from Hiroshima University, Japan) using the optimized conditions and a calibration curve. No residues of Sb(V) were found in the tested water samples and thus a recovery study of spike additions was carried out; water samples were spiked with Sb(V) at the concentration levels of 0.1, 0.3 and 0.5 mg dm -3 , respectively. As demonstrated in Table 3 , the recoveries of the spiked samples were good and were in the range of 95.0 -104%, indicating the capability of the proposed method in the determination of antimony in real water samples.
Copper electrolyte liquid samples. The analytical utility of the proposed method was tested further by applying it to the differential determination of Sb(III) and Sb(V) in an industrial sample of copper electrolyte solution (JX Nippon Mining & Metal Co., Hitachi, Japan). The concentration of sulfuric acid in the sample solution was 1 mol dm -3 . In such concentrated solutions of sulfuric acid from 0.5 mol dm -3 to 12 mol dm -3 , Sb(V) appears to be present as the [Sb3O9] 3ion, 31 which may be not extractable. Prior to the aforementioned on-line procedure for the determination of Sb(V), conversion of the [Sb3O9] 3ion into the [SbCl6]ion by a chlorination reaction using concentrated HCl was required; 1.0 cm 3 of the sample solution was diluted with concentrated HCl until the total volume of solution was 10 cm 3 and then left standing for approximately 10 min, in which the chlorination reaction may be complete to produce [SbCl6] -; 0.10 cm 3 of the resultant sample solution, to which 0.25 cm 3 of the RB stock solution (5.0 mmol dm -3 ) was added, was diluted to a final volume of 25 cm 3 with the 3.0 mol dm -3 HCl before use. For the determination of total antimony, on the other hand, the above-mentioned procedure for oxidation of Sb(III) with Ce(IV), followed by reduction of excess Ce(IV) with hydroxylamine, was carried out before the chlorination procedure; a 2.0-cm 3 of the sample solution was mixed with 2.0 cm 3 of the oxidant solution of 0.10 mol dm -3 Ce(IV). The electrolyte sample contains copper and others (mainly Ni, Fe, Bi and As). Without any interference effect of sample solutions, Sb(V) and total antimony were quantified directly by using the respective calibration plots. Furthermore, the present CL method was evaluated by running parallel ICP-AES measurements following an off-line solvent extraction performed on the same samples, according to the conventional operating conditions. The results are given in Table 4 ; Sb(III) content can be calculated by subtracting Sb(V) from the total antimony. As seen in Table 4 , the on-line extraction-CL and ICP-AES data for Sb(V) and Sb(III) + Sb(V) are in good agreement with the respective results obtained by using high-performance liquid chromatography coupled to atomic absorption spectrometry in the company that supplied the electrolyte sample solution. This demonstrated that the present rapid, low-cost, and simple analytical CL method is valid and a smart viable technique for routine analysis of aqueous samples of diverse nature. The development of continuous-flow extraction coupled successfully on-line to an RMM-CL detection system for the Sb(III)/Sb(V) determination was allowed by the liquid-liquid separation using a membrane phase separator.
Conclusions
In this work, a flow method based on on-line liquid-liquid extraction combined with reversed micellar mediated CL detection using rhodamine B was developed and successfully applied to the trace-level determination of Sb(III) and Sb(V) in real aqueous samples. With a simple experimental setup using low-cost instrumentation, the proposed method can be confidently applied to the accurate determination of Sb(III) and Sb(V) in water and copper electrolyte samples. The on-line procedure has several advantages over the off-line procedure: simplicity, less human exposure to toxic reagents/solvents, speed, precision, minimum risk of contamination, etc. Modification of this CL technique would provide for Sb(V) analysis only, Sb(III) + Sb(V), or Sb(III) and Sb(V) in the same sample using the Ce(IV) oxidant cycling, which is expected to make a speciation analysis of Sb(III) and Sb(V) possible. 
